1. Introduction {#sec1-molecules-25-02308}
===============

Due to many losses of organs in people during sickness or accident events, tissue engineering has gained significant ground as researchers seek alternatives for scaffolding design that promote cell adhesion, proliferation, and differentiation. Scaffold design (including porosity and interconnection) are of great importance due to their influence in cell migration, attachment, and proliferation \[[@B1-molecules-25-02308]\]. A large surface area and high interconnected porosity must be available to allow nutrient transportation, waste disposal, cell infiltration, neovascularization, and cell proliferation \[[@B2-molecules-25-02308],[@B3-molecules-25-02308],[@B4-molecules-25-02308]\].

The use of biopolymers is preferred over synthetic versions, although they have a lower cost and more straightforward synthetic modification to improve biocompatibility and cell adhesion \[[@B5-molecules-25-02308]\]. Despite the enormous diversity in the artificial polymer market, natural counterparts offer many advantages for application in tissue engineering \[[@B6-molecules-25-02308]\]. The benefits of using biopolymers are their high biocompatibility, hydrophilicity, and lower toxicity than their synthetic counterparts. However, biopolymers like polysaccharides have low mechanical properties due to their intrinsic hydrophilicity, which makes them highly biodegradable.

Among biopolymers, chitosan (CS) is one of the most used polysaccharides, which has gained much attention for biomedical applications due to its biocompatibility and biodegradability. There are several applications of chitosan and nanochitosan preparations in tissue engineering, thanks to their excellent cell adhesion and low toxicity \[[@B7-molecules-25-02308],[@B8-molecules-25-02308],[@B9-molecules-25-02308],[@B10-molecules-25-02308],[@B11-molecules-25-02308]\].

Chitosan was used for wound healing applications with reinforcement using different nanoparticles \[[@B12-molecules-25-02308]\]. A comprehensive review has been published about future trends of this topic \[[@B13-molecules-25-02308]\]. The use of chitosan-based nanoparticles in tissue engineering, cancer therapy, gene therapy, and drug-delivery has also been reviewed, with a particular focus on toxicity/safety of using animal tissues and the bactericidal properties of chitosan \[[@B14-molecules-25-02308]\].

Nanotechnology offers solutions to the inconveniences of low durability of biopolymers \[[@B15-molecules-25-02308]\], for example, in biomedicine \[[@B16-molecules-25-02308]\]. Our group has obtained promising biocompatibility and long-term stability results with chitosan (CS)/polyvinyl alcohol (PVA) nanocomposites incorporating carbon nanomaterials (graphene oxide and carbon nano-onions) \[[@B17-molecules-25-02308],[@B18-molecules-25-02308],[@B19-molecules-25-02308]\].

Titanium-related composites are preferred for biomedical applications due to their excellent biocompatibility, resistance to body fluids, mechanical properties, anti-corrosion capacity, and flexibility \[[@B20-molecules-25-02308],[@B21-molecules-25-02308]\]. However, their properties depend on the surface area, which focuses considerable attention on the synthesis of titanium-derived nanomaterials \[[@B22-molecules-25-02308]\]. Titanium oxide (TiO~2~) has been synthesized for a wide variety of applications \[[@B23-molecules-25-02308]\]. For example, in bone replacement, where it provides biocompatibility and preventing bacterial adhesion \[[@B24-molecules-25-02308],[@B25-molecules-25-02308]\].

Likewise, the use of graphene has also skyrocketed in recent years thanks to the new properties it exhibits like low thickness (one to ten layers), high flexibility, and strong-resistance supported by the σ type bonds in the carbon two-dimensional crystal lattice sp^2^ structure \[[@B26-molecules-25-02308]\]. This planar, cyclic, and highly conjugated (through π electron resonance) structure, offers an improved alternative to immobilize fluorescent probes and cells for bioimaging/biosensing \[[@B27-molecules-25-02308],[@B28-molecules-25-02308]\] and disease diagnostics \[[@B29-molecules-25-02308],[@B30-molecules-25-02308]\].

Graphene also presents high stability due to its flat aromatic polycyclic structure \[[@B31-molecules-25-02308]\]. However, graphene is hard to handle, and chemical modifications are needed to improve biocompatibility and dispersibility in aqueous media, a key factor for heavy metal adsorption in water treatment applications \[[@B32-molecules-25-02308]\].

Chemical oxidation to produce graphene oxide, introduces hydroxyl (OH), epoxy (COC), and carboxyl (COOH) functions on the surface, reinforcing the ability to interact with other molecules chemically (such as chitosan), especially by hydrogen bonding. In parallel hydrophilicity is simultaneously introduced to the substantial hydrophobic nature of the sp^2^-carbon network \[[@B33-molecules-25-02308],[@B34-molecules-25-02308]\]. Hydrophilic pH-dependent negative hydroxyl groups are essential as anchoring points for chemical functionalization, colloid-based and drug-delivery applications \[[@B35-molecules-25-02308]\]. At the same time, the hydrophobic nature of the carbon backbone is essential for binding proteins and lipids through the hydrophobic domain of the molecules, which is useful in molecule-carrier applications or for antimicrobial properties \[[@B36-molecules-25-02308]\].

In comparison to other nanomaterials, GO offers several advantages for biomedical applications such as low-cost and safer preparation with lesser accumulation of toxic metallic impurities. Also, the extensive surface area is accessible for molecular interactions, significant for a highly-efficient drug loading \[[@B37-molecules-25-02308]\]. Besides, GO introduction to nanocarriers and scaffolds results in antimicrobial properties and improved tumor-passive targeting effect with a higher tumor uptake capacity, very interesting for anticancer therapy, thanks to its enhanced permeability and unique structure \[[@B38-molecules-25-02308]\].

The antibacterial properties of GO are based on the bacterial cells' membrane rupture caused by the sharp structure of GO and destructive extraction of lipid molecules, but also on the multiple-cell functions affected by oxidative stress of proteins, enzymes, and DNA that react with reactive oxygen species \[[@B39-molecules-25-02308]\].

GO introduction to scaffolds and biomedical devices also provides thermal and mechanical reinforcement. For example, GO is introduced in bone-cements for mechanical support \[[@B40-molecules-25-02308]\]. However, there is no consensus on whether GO introduction causes cytotoxicity. Some studies have stated that no cytotoxicity is produced \[[@B41-molecules-25-02308],[@B42-molecules-25-02308],[@B43-molecules-25-02308]\]. In contrast, others have pointed out that a high level of cytotoxicity is introduced, especially when micro-sized GO and not nano-sized GO is added \[[@B37-molecules-25-02308]\].

CS beads have been prepared to investigate their in vivo and in vitro biodegradation \[[@B44-molecules-25-02308],[@B45-molecules-25-02308],[@B46-molecules-25-02308]\]. Lim et al. studied the influence of the degree of deacetylation and porosity on the in vivo and in vitro biodegradation of beads \[[@B47-molecules-25-02308]\]. Kim et al. reported by in vitro studies the increase in cell proliferation and production of an extracellular matrix using a chitosan scaffold containing transforming growth factor-β1 (TGF-β1) \[[@B48-molecules-25-02308]\].

Although some studies have focused on the development of chitosan composites/nanocomposites for biomedical applications \[[@B14-molecules-25-02308],[@B49-molecules-25-02308],[@B50-molecules-25-02308]\], the low stability and the lack of in vivo study information is evident. On the other hand, ternary CS-GO-TiO~2~ systems which could combine the biocompatibility of the three components and the reinforcement effect under physiological conditions, to produce biocompatible and resistant components for long-term applications, have not been reported.

The requirement for improvement in the stability and biocompatibility under physiological conditions to prolong the durability of the nanocomposites with three-dimensional porous structures remains latent. In the literature, there is still a strong need to determine whether the GO functionalization or combination with other components improves the biocompatibility, especially with long-term in vivo and toxicity studies \[[@B37-molecules-25-02308]\].

In the present work, beads of CS incorporating GO, TiO~2~ and both nanomaterials were synthesized and chemically and thermally characterized. At the same time, the biocompatibility was assayed by subdermal implantations in Wistar rat tissues for 90 days. Based on their morphology, biocompatibility, and long-lasting durability the present beads could be promising in long-term applications like bone-tissue engineering.

2. Results and Discussion {#sec2-molecules-25-02308}
=========================

2.1. Characterization of Spherical Titanium Oxide Nanoparticles {#sec2dot1-molecules-25-02308}
---------------------------------------------------------------

Spherical TiO~2~ nanoparticles were prepared according to a previously reported methodology \[[@B51-molecules-25-02308]\]. The morphology and size studies of the TiO~2~ nanoparticles by TEM ([Figure 1](#molecules-25-02308-f001){ref-type="fig"}A) revealed spherical characteristics, with a mean diameter of \~10 nm and low dispersion. The crystallinity of the TiO~2~ was analyzed by the XRD technique ([Figure 1](#molecules-25-02308-f001){ref-type="fig"}B). The diffractograms show 2θ values at 25.1, 37.9, 48.0, 54.5, 62.9, 69.4, and 75.1°, corresponding to (101), (004), (200), (211), (204), and (220) reflection planes of TiO~2~ \[[@B51-molecules-25-02308]\]. On the other hand, FTIR analysis of the TiO~2~ particles ([Figure 1](#molecules-25-02308-f001){ref-type="fig"}C) presented a strong band corresponding to OH at 3253 cm^−1^. The 1637 cm^−1^ OH band is usually attributed to adsorbed water molecules. The bands of the CH~2~ groups appear at 2914 cm^−1^. The CH~2~ scissoring bands were also observed at 1413 cm^−1^.

2.2. GO Characterization {#sec2dot2-molecules-25-02308}
------------------------

Raman spectroscopy ([Figure 2](#molecules-25-02308-f002){ref-type="fig"}A) shows two broad peaks between 1300 and 1600 cm^−1^, which are related to the graphitic structure. Usually, the degree of the disorder of the carbon structure is related to the sp^2^ and sp^3^ carbon atom ratio, obtained from the D and G band intensities. The band at 1580 cm^−1^ (the G band) corresponds to the E~2g~ mode of sp^2^ hybridized carbons. On the other side, the D band is related to the breathing mode of the sp^2^ carbon rings, which is activated by the introduction of carbon functionalization (oxidation) and a higher amount of sp^3^ hybridized carbons \[[@B52-molecules-25-02308]\].

Moreover, X-ray diffraction patterns of the GO ([Figure 2](#molecules-25-02308-f002){ref-type="fig"}B) showed at 2θ = 9.92° a characteristic peak due to the scattering of the -COOH introduction in GO sheets \[[@B53-molecules-25-02308]\]. The absence of peaks between 2θ = 20--50° indicates an excellent exfoliation process for graphite oxide \[[@B33-molecules-25-02308]\]. When preparing the scaffolds, the exfoliation process allows the graphite oxide to be dispersed, separating the sheets, and reshaping the GO. Applying Bragg′s law to calculate the interlaminar distance for GO, and increasing from 3.36 Å to 9.05 Å was estimated after the oxidation process, similar to previous studies which will facilitate the dispersion in the aqueous media \[[@B54-molecules-25-02308],[@B55-molecules-25-02308]\]. Atomic force microscopy (AFM) studies ([Figure 2](#molecules-25-02308-f002){ref-type="fig"}C) confirmed the low thickness obtained (from the calculation of the roughness, approximately 26.90 ± 2.12 nm), measurements obtained after GO exfoliation in solution.

In general, a smooth morphology with low thickness was the average observation (smaller than 10 nm). However, some aggregates of 20--30 nm were observed due to the cumulation of some graphene layers \[[@B33-molecules-25-02308]\].

In general, a smooth morphology with low thickness (smaller than 10 nm) was observed. However, some aggregates of 20--30 nm are apparent due to the cumulation of some graphene layers \[[@B33-molecules-25-02308]\]. Still, the average size is meager, confirming an efficient exfoliation process of the GO sheets.

2.3. Bead Characterization {#sec2dot3-molecules-25-02308}
--------------------------

### 2.3.1. Fourier Transform Infrared Spectroscopy (FTIR) {#sec2dot3dot1-molecules-25-02308}

[Figure 3](#molecules-25-02308-f003){ref-type="fig"} shows the FTIR spectrum of the CS nanocomposite beads. CS-GLA contains all the characteristic bands of CS, such as that at 3346 cm^−1^, due to the O-H and NH~2~ overlapped bands \[[@B56-molecules-25-02308]\]. Amino groups of chitosan reacted with glutaraldehyde (GLA), generating imine groups (C=N) which produce a corresponding imine band at 1651 cm^−1^. At 2924 cm^−1^, the -CH stretching vibration of -CH and -CH~2~ was observed, while the -CH symmetric bending vibrations of -CHOH- are also apparent at 1373 cm^−1^. At 1149 and 1026 cm^−1^, the -CO stretching vibration in -COH is present. The new band at 1570 cm^−1^ for CS-GLA beads is due to the new C=C bonds formed after the crosslinking reaction between CS-GLA \[[@B57-molecules-25-02308]\]. On the other hand, the low intensity of the 1420 cm^−1^ band could indicate that primary amino groups are the main responsible for the crosslinking reaction with GLA \[[@B57-molecules-25-02308],[@B58-molecules-25-02308]\]. It is also essential that there are no bands at 1720 cm^−1^ due to unreacted aldehyde groups. For the CS-GO-GLA, the broadening of the O-H band is due to the presence of the GO. However, there is no presence of bands due to the C=O stretching bond of the low amount of GO added. Finally, CS-TiO~2~-GLA and CS-TiO~2~-GO-GLA spectra show related groups with O-H band shifting to 3331 cm^−1^ and the broadening of the bands due to the O-H (3331 cm^−1^) and C-O-C bonds of the oxygenated groups (1026 and 1035 cm^−1^).

### 2.3.2. X-ray Diffraction (DRX) {#sec2dot3dot2-molecules-25-02308}

XRD studied the crystallinity of the nanocomposite beads. Pure CS-GLA ([Figure 4](#molecules-25-02308-f004){ref-type="fig"}A) shows a peak at 2θ = 19.9°, which corresponds to the 100 strong reflections \[[@B59-molecules-25-02308]\]. Six polymorphs have been proposed for chitosan: "tendon chitosan," "annealed," "1-2", "L-2", "form-I" and "form-II" according to previous studies \[[@B60-molecules-25-02308],[@B61-molecules-25-02308],[@B62-molecules-25-02308]\]. The form I crystal is orthorhombic with a unit cell of a = 7.76, b = 10.91, and c = 10.30 Å. The form II crystal is also orthorhombic with a unit cell of a = 4.4, b = 10.0, and c = 10.3 Å (fiber axis). For CS-GO-GLA ([Figure 4](#molecules-25-02308-f004){ref-type="fig"}B), peak at 9.5° corresponds to a well-dispersed GO sheet and corresponds to the reflection of the (001) plane \[[@B63-molecules-25-02308]\]. The other peak at 2θ = 41.5° corresponds to the CS crystalline structure. The CS-TiO~2~-GLA diffractogram ([Figure 4](#molecules-25-02308-f004){ref-type="fig"}C) shows peaks at about 25.1°, 38.0°, 48.1°, 54.1°, 62.6°, 74.0°, and 74.8°, corresponding to the (101), (004), (200), (211), (204), and (220) tetragonal crystal planes of the anatase phase of TiO~2~ \[[@B51-molecules-25-02308],[@B64-molecules-25-02308],[@B65-molecules-25-02308],[@B66-molecules-25-02308],[@B67-molecules-25-02308]\]. The peak at 2θ = 19.4°, which corresponds to the 100 strong reflections of CS, is also present. Finally, for the CS-TiO~2~-GO-GLA ([Figure 4](#molecules-25-02308-f004){ref-type="fig"}D) nanocomposite the peak for CS was evident at 20.0°, while for the TiO~2~ peaks they appeared at 25.0°, 38.0°, 47.8°,48.1°, 54.4°, 63.1°, and for GO the peak at 13.0° corresponding to the presence of well-dispersed GO sheets.

The crystallinity index (Xc) was calculated to understand better the crystallinity of the beads ([Table 1](#molecules-25-02308-t001){ref-type="table"}). Although the original methodology was reported for starch, eventually, it was adjusted for other polymers like CS \[[@B68-molecules-25-02308]\]. The results indicate that the addition of one of the nanomaterials increased the crystallinity of the beads, a finding that agrees with higher thermal and mechanical resistance observed. This effect has been reported with the use of other nanofillers such as nanoclays, carbon nanotubes, and graphene oxide \[[@B69-molecules-25-02308],[@B70-molecules-25-02308],[@B71-molecules-25-02308]\].

If the crystallinity is increasing with the introduction of the nanomaterials, it means that nanomaterials are well dispersed between the polymer matrix, especially for TiO~2~, which has a higher crystallinity as compared to CS beads, probably due to the intermolecular hydrogen bonding, between CS and the nanomaterial giving a relatively ordered adjustment of the polymer chains along the GO nanosheets or TiO~2~ nanoparticles \[[@B70-molecules-25-02308]\]. The introduction of TiO~2~ leads to a higher crystallinity index than with GO, probably due to the fact that TiO~2~, having high crystallinity, might be more effective in achieving superior reinforcement for composite materials \[[@B72-molecules-25-02308]\]. However, the presence of both nanomaterials decreased crystallinity compared to CS-TiO~2~-GLA beads due to the lower crystallinity of the GO. More research is needed to understand why the two nanomaterials are not improving the crystallinity together and the thermal behavior, which could be due to the 3D morphology of the TiO~2~ and the 2D morphology of GO nanosheets in the tridimensional matrix of chitosan, decreasing the chitosan bindings.

### 2.3.3. Scanning Electron Microscopy (SEM) {#sec2dot3dot3-molecules-25-02308}

The microstructure of the CS composite beads was studied by the SEM technique. [Figure 5](#molecules-25-02308-f005){ref-type="fig"} shows the surface analysis of the different composite beads. [Figure 5](#molecules-25-02308-f005){ref-type="fig"}A--C display a smooth surface for the CS-GLA crosslinking beads, mainly due to the chemical crosslinking and hydrogen bindings \[[@B73-molecules-25-02308]\]. By adding GO and TiO~2~ to the CS beads, the nanomaterial increases the roughness due to their texture and loss of the semi-crystalline chitosan structure \[[@B70-molecules-25-02308]\]. [Figure 5](#molecules-25-02308-f005){ref-type="fig"}D--L illustrate the surface texture and porosity of the CS-GO-GLA and CS-GO-TiO~2~-GLA beads with holes on the surface that support nutrient transportation and provide a waste outlet for cells \[[@B73-molecules-25-02308]\]. Solvent evaporation and polysaccharide chain separation during the bead formation are the main reasons for the porous structure \[[@B74-molecules-25-02308]\].

The color of the CS-GLA beds ranged from yellow to light-red ([Figure 6](#molecules-25-02308-f006){ref-type="fig"}) due to the imine -C=N bonds formed between the -NH~2~ and -CHO groups \[[@B56-molecules-25-02308]\]. However, with the introduction of GO and TiO~2~ in the beads, there was an obvious darkening effect \[[@B75-molecules-25-02308]\].

### 2.3.4. Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry (DSC) Analysis {#sec2dot3dot4-molecules-25-02308}

The thermogravimetric analysis, with four decomposition steps, is shown in [Figure S1](#app1-molecules-25-02308){ref-type="app"}. Between 25°C and 100°C water evaporation mainly occurs and small fragments of the periphery groups of the chitosan chains are broken off. After 200 °C, degradation of chitosan occurs for all the formulations, with a rapid weight loss centered at 250 °C according to the derivative thermogravimetric (DTGA) curves. The final stage, due to the pyrolysis of the chitosan polymer, occurs in the range between 300 °C and 470 °C \[[@B70-molecules-25-02308]\]. However, incorporation of TiO~2~ into the CS-GLA beads increased the thermal resistance, as observed in [Figure S1](#app1-molecules-25-02308){ref-type="app"}, showing an increase in the temperature degradation for each stage and a higher remaining material after 600 °C, which indicates a higher thermal resistance of the beads.

The decomposition temperatures at 3% (Td~3%~, 3% of mass loss) for all the composites are listed in [Table 2](#molecules-25-02308-t002){ref-type="table"}. The Td~3%~ for CS-GLA shows higher thermal stability compared to pristine CS due to the crosslinking reactions. The Td~3%~ dramatically increased with GO incorporation, demonstrating thermal stabilization with the nanofiller introduction, possible due to the higher crystallinity of the nanomaterial. From this table, we can conclude that the beads will not be thermally affected by body conditions (37 °C) since they are thermally degraded only between 215 °C and 500 °C.

### 2.3.5. TEM Images of the Nanocomposite Beads {#sec2dot3dot5-molecules-25-02308}

TEM images of the CS nanocomposite beads are shown in [Figure 7](#molecules-25-02308-f007){ref-type="fig"}. The nanoparticles of TiO~2~ and nanosheets of GO are well distributed in the polymer matrix ([Figure 7](#molecules-25-02308-f007){ref-type="fig"}A--C), confirming that the proposed is suitable for producing well-dispersed compatible composites of GO and TiO~2~ with CS, probably by hydrogen bonding and hydrophobic interactions that modify the surface tension of the nanomaterials \[[@B51-molecules-25-02308]\]. [Figure 7](#molecules-25-02308-f007){ref-type="fig"}D shows the presence and distribution of the GO sheets well distributed in the chitosan matrix (CS-GO-GLA beads). Despite the low amount introduced in the composite the presence of TiO~2~ nanoparticles in the polymer matrix is shown in [Figure 7](#molecules-25-02308-f007){ref-type="fig"}E--L. The behavior in the TEM analysis is like that reported by Li et al. \[[@B76-molecules-25-02308]\]. They found that the TiO~2~ was loaded on graphene sheets, with apparent accumulation along the matrix, caused by the presence of carboxylic groups on the graphene oxide as displayed in the [Figure 7](#molecules-25-02308-f007){ref-type="fig"}H. However, distinguishing between GO and TiO~2~ was harder in the CS-GO-TiO~2~-GLA TEM images.

### 2.3.6. In Vivo Biomodel Tests {#sec2dot3dot6-molecules-25-02308}

[Figure 8](#molecules-25-02308-f008){ref-type="fig"} shows the macroscopic appearance during the recovery of the samples. Average hair growth indicates a normal healing process ([Figure 8](#molecules-25-02308-f008){ref-type="fig"}A). [Figure 8](#molecules-25-02308-f008){ref-type="fig"}B shows the implantation area after the application of the trichotomy. Dry skin and healing with youthful appearance and persistence of stitches support a complete normal healing process. [Figure 8](#molecules-25-02308-f008){ref-type="fig"}C corresponds to subdermal tissue, where implanted beads (B) are included in the tissue and surrounded by a layer of transparent soft tissue.

The subdermal area of the Wistar rats is shown in [Figure 9](#molecules-25-02308-f009){ref-type="fig"}A--F and [Figure 10](#molecules-25-02308-f010){ref-type="fig"}A--D show histological and SEM images of the beads after implantation for 90 days. All the CS composite beads were surrounded by soft fibrous tissue (Fm). However interestingly, each bead was surrounded by a material of fibrous nature different from the fibrous membrane capsule (Fc) that surrounded the entire beads ([Figure 9](#molecules-25-02308-f009){ref-type="fig"}). The H&E stain technique allows one to observe a dark-blue zone (Fc) corresponding to the different fibrous tissue seen in direct contact with the beads ([Figure 9](#molecules-25-02308-f009){ref-type="fig"}A,C,E). At the same time, the SEM technique also corroborates the diverse nature of that tissue by a homogeneous and smooth fibrous (Fc) appearance, far different from the rough tissue (Fm).

It has been demonstrated with in vivo evaluations that chitosan suffers enzymatic degradation \[[@B77-molecules-25-02308],[@B78-molecules-25-02308]\]. The rate and ratio of the degradation process depend on the degree of deacetylation of the chitosan, molecular weight, crosslinking reaction, interaction with other components, and nanomaterials, among others.

Chitosan demonstrates capacity for cell adhesion and biodegradability. For example, Fujita et al. \[[@B79-molecules-25-02308]\] reported chitosan-based hydrogels with the ability to degrade after 20 days under sub-dermal implantation conditions \[[@B79-molecules-25-02308]\]. Vaishali et al. \[[@B80-molecules-25-02308]\] observed chitosan-collagen sponge degradation under subdermal implantation conditions in Wistar rats after 42 days without adverse immune system responses \[[@B80-molecules-25-02308]\].

No allergenic reactions were observed in Wistar rats with the nanocomposites. [Figure 11](#molecules-25-02308-f011){ref-type="fig"} shows the SEM-EDS results for A: CS-TiO~2~-GLA and B: CS-GO-TiO~2~-GLA after 90 days of implantation. Carbon and oxygen presence are evident surrounding the beads demonstrating the growth of tissues without the presence of pus.

The presence of carbon and oxygen by themselves are not indicators of biocompatibility since they can be found in all tissues. However, the biocompatibility of implanted materials was evidenced macroscopically through the scarring process with the healthy growth of new hair.

Microscopically, the biocompatibility was observed with particles surrounded by a fibrous collagen capsule beginning a resorption process with the presence of pores in the different implanted particles. Low degradation of the structure confirms the stability of the beads, which could be advantageous for long-term applications.

2.4. Analysis of Porosity Results {#sec2dot4-molecules-25-02308}
---------------------------------

A morphometric study from the 10× images was conducted to determine the percentage of resorption of the beads. Resorption percentages are presented in [Table S1](#app1-molecules-25-02308){ref-type="app"}. The five formulations were very stable, showing little resorption after three months of implantation. For the CS-GLA formulation, low reabsorption percentage (0.17%) indicates the stability of the material. When GO is incorporated, the content stabilizes due to the nanofiller effect, and the porosity decreases to 0.006%. When TiO~2~ is added to the CS-GLA beads, the percentage of porosity increased almost twice. However, if the GO is also incorporated, the resorption increased by 840% (the highest rate obtained), which could be explained by the higher compatibility shown by the TiO~2~ nanoparticles, which would favor the resorption process.

It is also striking that the CS-GLA formulation showed the presence of skin histiocytes or macrophages, probably due to the presence of the CS producing a robust inflammatory response. However, when the GO and TiO~2~ are incorporated, the answer appears to be healthy for a typical foreign body reaction, possibly because the nanomaterials stabilize the CS by chemical interactions.

From the H&E technique is not possible to directly determine the nature of the Fc tissue. However, Masson′s Trichromacy technique (MT) indicated that the fibrous capsule surrounding each bead corresponded to collagen type I because of the blue appearance after staining ([Figure 12](#molecules-25-02308-f012){ref-type="fig"}A--D).

When examining the images at higher magnification, all the beads are surrounded by an inflammatory infiltrate (II). [Figure 13](#molecules-25-02308-f013){ref-type="fig"}C,D show the presence of a group of macrophage/histiocyte compatible cells (circle area), a good indication for a healthy healing process.

In general, all formulations ([Figure 13](#molecules-25-02308-f013){ref-type="fig"}A--F) have a fibrous encapsulation, which is normal when biomaterials are implanted in the subdermal tissue area. Besides that, each bead was surrounded by a capsule consisting of type I collagen. The inflammatory response was similar for all samples, with very identical histological appearance, except the sample of CS-GLA, which had a presence of macrophage/histiocyte cells.

3. Materials and Methods {#sec3-molecules-25-02308}
========================

Titanium isopropoxide (TTIP; reagent grade, 99%, Aldrich, (Palo Alto, CA, USA), 2-propanol, nitric acid (HNO~3~), and distilled water were used for TiO~2~ nanoparticles synthesis. Graphene oxide was synthesized using graphite (325 mesh, Alfa-Aesar, Tewksbury, MA, USA), sulfuric acid (H~2~SO~4~), potassium permanganate (KMnO~4~), hydrogen peroxide (H~2~O~2~), and 2-propanol (Merck, Burlington, MA, USA). CS beads were prepared using chitosan (from shrimp shells) with a molecular weight of Mv 144.000, measured by capillary viscometry (using an Ubbelohde 0C viscometer, Schott, Barcelona, Spain). *K* and *a* constants for CS in the solvent used (acetic acid 0.3 M + sodium acetate 0.2 M) at 25 °C are 0.074 mL/g and 0.76, respectively \[[@B81-molecules-25-02308]\], for the calculation of the molecular weight with the Mark-Houwink-Sakurada equation (Equation (1)): $$\left\lbrack \eta \right\rbrack = K\left( {Mv} \right)^{a}$$

The degree of deacetylation determined by ^1^H-NMR using a 400 MHz AVANCE II spectrometer (Bruker, Billerica, MA, US) at a temperature of 300 K and elemental analysis of the CS was 89%. The sample was dissolved in D~2~O with two drops of trifluoroacetic and 3-(trimethylsilyl)propionic acid-d~4~ as reference salt. The elemental analysis was performed using a Flash EA 1112 system (Thermo Electron, Waltham, MA, US).

3.1. Synthesis of TiO~2~ Nanoparticles {#sec3dot1-molecules-25-02308}
--------------------------------------

TiO~2~ nanospheres were synthesized using a previously reported method \[[@B51-molecules-25-02308],[@B67-molecules-25-02308]\]. Briefly, 15 mL of TTIP were mixed with 15 mL (0.016 mol) of 2-propanol (precursor solution) \[[@B51-molecules-25-02308]\]. Then, 250 mL of distilled water at pH 2 (3 M HNO~3~) was prepared, while the precursor solution was added dropwise with vigorous stirring. After that, the hydrolysis of TTIP was produced at 60 °C and 20 h of reaction. After solvent evaporation, a yellow crystal precipitated. A yellow-white powder was obtained after ethanol washing and drying at 100 °C. The final step consisted of solid calcination at 400 °C for two hours.

### Characterization of TiO~2~ Nanoparticles

TiO~2~ nanoparticle synthesis and characterization were already reported \[[@B51-molecules-25-02308]\]. TiO~2~ nanoparticle morphology was studied by TEM (ARM 200 F, JEOL, Tokyo, Japan) at 20 kV. Samples for TEM measurements were prepared by placing a drop of TiO~2~ on a carbon-coated standard copper grid (400 mesh) and evaporating the solvent. On the other hand, X-ray diffractometry (XRD) experiments for TiO~2~ were performed using a PANalytical X′Pert PRO diffractometer (Malvern Panalytical, Jarman Way, Royston, UK), with Cu Kα1 radiation (1.540598 Å) and Kα2 (1.544426 Å), in a 2θ range between 5° and 80°. FTIR experiments on TiO~2~ were performed in attenuated total reflectance mode using a diamond tip accessory (instrument model, Shimadzu, Kyoto, Japan).

3.2. Preparation of Graphene Oxide (GO) {#sec3dot2-molecules-25-02308}
---------------------------------------

GO was prepared by the modified Hummers method \[[@B33-molecules-25-02308],[@B82-molecules-25-02308],[@B83-molecules-25-02308],[@B84-molecules-25-02308],[@B85-molecules-25-02308]\].

### Characterization of Graphene Oxide (GO)

X-ray diffractometry (XRD) experiments for GO was performed in a PANalytical X′Pert PRO diffractometer (Malvern Panalytical), using Cu Kα1 radiation (1.540598 Å) and Kα2 (1.544426 Å), in a 2θ range between 5° and 50°. Bragg′s law (Equation (2)) was used to calculate the interlayer distance in the GO: $$d = \frac{\lambda}{2sen\theta}$$ where *d* is the lattice spacing, *λ* is the X-ray wavelength, and *θ* is the angle of incidence.

The Raman spectrum recorded with an Invia Raman Microscope in a wavelength laser of 514.5 nm (Renishaw, New Mills, Gloucestershire, UK) was used for GO characterization. Atomic force microscopy (AFM) experiments were performed in tapping mode using a Multimode AFM (Veeco, Plainview, NY, US) equipped with a Nanoscope Iva control system (software version 6.14r1). Silicon tapping probes (RTESP, Veeco, Plainview, NY, US) were used with a resonance frequency of \~300 kHz, scan rates of 0.4 Hz, 5 × 5, 2 × 2 μm^2^. AFM images were taken for each sample. Topography was examined by topographical AFM mode.

3.3. Synthesis of CS Nanocomposite Beads {#sec3dot3-molecules-25-02308}
----------------------------------------

For the preparation of chitosan/graphene oxide beads and glutaraldehyde (CS-GO-GLA), 2 g of chitosan was dissolved in 100 mL of acetic acid (1% *v/v*). Then, GO was added to this solution (10 mg) and stirred until a homogeneous dispersion was obtained. The procedure for obtaining TiO~2~ beads was similar, but 100 mg of TiO~2~ was added instead of GO (CS-TiO~2~-GLA). The above process was repeated, and 100 mg of TiO~2~ and 10 mg of GO were added for the chitosan/graphene oxide/TiO~2~ beads (CS-GO-TiO~2~-GLA) and stirred until a homogeneous dispersion was obtained.

The formation of the different nanocomposite beads was carried out using the phase inversion technique \[[@B86-molecules-25-02308]\], with a solution of sodium hydroxide (NaOH) 0.5 M. Each type of mixture prepared up to this point was titrated with the NaOH solution, which allowed the formation of insoluble spheres. The spheres formed were left under stirring in the primary solution for a period of 4 h. Subsequently, they were washed with abundant distilled water until neutral pH and allowed to air dry for approximately 24 h until constant dry weight. Chitosan nanocomposite beads (CS-GLA, CS-GO-GLA, CS-TiO~2~-GLA, and CS-GO-TiO~2~-GLA) were obtained by dispersing the beads obtained previously in a 2.0% *v/v* solution of GLA in water (CS: GLA 1:1 molar ratio), under gentle stirring for 24 h at ambient temperature. Subsequently, they were washed with abundant distilled water to remove excess GLA and finally air-dry until constant dry weight and placed in a desiccator at 10% relative humidity (RH) until the time of the test \[[@B87-molecules-25-02308]\].

### Nanocomposite Beads Characterization

XRD experiments were run with the same procedure and apparatus than the previously reported range of 2θ from 0--80°, and time per step 304.390 s. According to Nara--Komiya methodology \[[@B88-molecules-25-02308]\], the percentage of crystallinity from the XRD technique (Xc%) was calculated using Equation (3):$$X_{c}\left( \% \right) = \left( \frac{A_{c}}{A_{T}} \right) \times 100$$ where A~C~ is the area under the peaks that represents the crystalline region, and A~T~ is the total area of the crystalline and amorphous region.

Thermogravimetric analysis was run on a Netzsch TG Libra 209 instrument (TA Instruments, New Castle, DE, USA) in a temperature range between 30--700 ± 2 °C. The melting temperature was determined by differential scanning calorimetry using a DSC2A-00181 system (TA Instruments) at 10 °C/min.

FTIR analysis of the beads was performed in ATR mode (attenuated total reflectance) with a diamond tip on an IR Affinity-1 spectrometer (Shimadzu, Kyoto, Japan). SEM analysis was performed on a scanning electron microscope (JSM-6490LA, JEOL) using an acceleration voltage of 20 kV, in which the samples were coated with a copper bath. The samples for SEM- energy-dispersive spectroscopy (EDS) were fixed in 75% alcohol for 48 h and dehydrated using an ascending alcohol gradient (70%, 80%, 95%, and 100%), after which they adhered on carbon tape. Then, an exterior gold coating was applied (Model Desk IV equipment, Denton Vacuum, Moorestown, NJ, USA) to generate a conductive surface. Subsequently, a JEOL Model JSM 6490 LV microscope was used to inspect the samples in the secondary electron mode with an acceleration voltage of 20 kV to obtain electron microscope images. Additionally, chemical microanalysis was carried out on several inspection areas, employing the energy-dispersive spectroscopy (EDS) probe of a Model INCAPentaFETx3 instrument (Oxford Instruments, Abingdon, UK). The EDS probe which had a resolution of 137 eV to 5.9 keV, while SEM had a resolution of 15 nm with an acceleration voltage of 1 kV and a working distance of 6 mm in the secondary electron mode.

The morphology of the GO and TiO~2~ nanoparticles and their dispersion in the composite beads were analyzed by TEM (JEOL ARM 200 F) operating at 20 kV. Samples for TEM measurements were prepared by placing a drop of TiO~2~ on a carbon-coated standard copper grid (400 mesh) and evaporating the solvent.

3.4. In Vivo Biomodel Tests {#sec3dot4-molecules-25-02308}
---------------------------

Samples of 9.7 mg of the different types of beads were implanted in subdermal preparations of three adult male Wistar rats supplied and hosted by the LABBIO laboratory of the Universidad del Valle (Cali, Colombia). Biomodels were sedated by the intramuscular application of ketamine 70 mg/kg and xylazine 30 mg/kg (Holliday Scott S Laboratory, Buenos Aires, Argentina) to prepare the samples. Each preparation consisted of an incision one cm long and three cm deep on the dorsal surface of the biomodels. After 90 days of implantation the biomodel animals were euthanized via intraperitoneal injection of sodium pentobarbital 390 mg/mL and 50 mg/mL of sodium diphenylhydantoin (Euthanex^®^, INVENT Laboratory, Santiago de Cali, Colombia) at a dose of 100 mg/kg. The samples were processed for histological analysis by the hematoxylin and eosin (H-E) and Masson′s trichrome stain (MT) techniques.

The images obtained were processed using the ImageJ 1.3 image analysis program (National Institutes of Health, Bethesda, MD, USA), which was calibrated before measuring with the scale that was in each image. From this information, the resorption percentages of the areas corresponding to the pores were determined by applying the following equation:

This research was reviewed, supported, and supervised by the Institutional Ethics Review Committee with experimental animals of the Universidad del Valle (CEAS 012-019).

3.5. Statistical Analysis {#sec3dot5-molecules-25-02308}
-------------------------

In vivo studies of the beads are presented as the mean value of at least three replicates ± SD. The Statgraphics Centurion XVI program (Statgraphics, The Plains, VA, USA) was used for these statistical analyses.

4. Conclusions {#sec4-molecules-25-02308}
==============

The successful preparation of very stable and biocompatible CS beads based on TiO~2~ nanoparticles and GO nanosheets was evident from chemical, thermal, and biological tests. The chemical crosslinking of the CS using glutaraldehyde increased the decomposition temperature due to the increased crystallinity, especially for CS-GLA-GO-TiO~2~ beads. However, the introduction of the nanoparticles increased the thermal stability, as evidenced by TGA and DTGA results. The thermal results correlated with the crystallinity indexes and in vivo subdermal implantation studies during 90 days in Wistar rats, where remaining material was found after 90 days without the presence of pus or an immune response due to the high stability of the material and the reinforcing effect of the nanofillers. Graphene oxide and titanium dioxide nanoparticles were efficiently distributed in the polymer matrix as TEM results showed. The morphology of the beads become rougher with the introduction of the nanoparticles. The high balance between long-term stability, porosity, and surface irregularity observed by SEM could be useful for long-term applications, for example, bone tissue regeneration, where porosity and surface irregularities are useful for cell-adhesion and proliferation. Finally, examination of the beads using staining by the Masson′s Trichrome and hematoxylin and eosin (H-E) staining techniques after the in vivo studies showed collagen type I as the main constituent of the surrounding fibrous capsule on the surface of the beads, indicating the strong biocompatibility of the material. Very interestingly, CS-GLA beads displayed the presence of macrophage/histiocyte compatible cells, which demonstrates the beginning of a phagocytic process of the content.
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**Sample Availability:** Samples of the compounds of the different nanocomposite beads: (A) CS-GLA, (B) CS-GO-GLA, (C) CS-TiO~2~-GLA, and (D) CS-TiO~2~-GO-GLA are available from the authors.
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![Characterization of TiO~2~ nanoparticles by (**A**) TEM, (**B**) XRD, and (**C**) FTIR spectroscopy.](molecules-25-02308-g001){#molecules-25-02308-f001}

![Characterization of GO by (**A**) Raman spectroscopy, (**B**) XRD, and (**C**) atomic force microscopy (AFM).](molecules-25-02308-g002){#molecules-25-02308-f002}

![FTIR images of the different nanocomposite beads of CS-GLA, CS-GO-GLA, CS-TiO~2~-GLA, and CS-TiO~2~-GO-GLA).](molecules-25-02308-g003){#molecules-25-02308-f003}

![X-ray diffraction (DRX) of the different nanocomposite beads: (**A**) CS-GLA, (**B**) CS-GO-GLA, (**C**) CS-TiO~2~-GLA, and (**D**) CS-TiO~2~-GO-GLA.](molecules-25-02308-g004){#molecules-25-02308-f004}

![SEM images. Morphology of the beads: CS-GLA (**A**) at 100×, (**B**) at 1000×, (**C**) at 25,000×; CS-GO-GLA (**D**) at 100×, (**E**) at 1000×, (**F**) at 25000×; CS-TiO~2~-GLA (**G**) at 100×, (**H**) at 1000×, (**I**) at 25,000×; CS-TiO~2~-GO-GLA (**J**) at 100×, (**K**) at 1000×, (**L**) at 25,000×.](molecules-25-02308-g005){#molecules-25-02308-f005}

![Images of the different bead composites: (**A**) CS-GLA, (**B**) CS-GO-GLA, (**C**) CS-TiO~2~-GLA, (**D**) CS-GO-TiO~2~-GLA.](molecules-25-02308-g006){#molecules-25-02308-f006}

![HR-TEM images of the different beads: CS-GO-GLA (**A**) 1000 nm, (**B**) 500 nm, (**C**) 200 nm, (**D**) 100 nm; CS-GO-TiO~2~-GLA (**E**) 1000 nm, (**F**) 500 nm, (**G**) 200 nm, (**H**) 100 nm; CS-TiO~2~-GLA (**I**) 1000 nm (**J**) 500 nm (**K**) 200 nm, (**L**) 100 nm.](molecules-25-02308-g007){#molecules-25-02308-f007}

![Zone of subdermal implantation in Wistar rats after 30, 60, and 90 days (**A**) Hair recovery, (**B**) Absence of immune responses, (**C**) Subdermal implantation zones with samples encapsulated by scar tissue. **B:** Beads. **IZ:** Implantation zone.](molecules-25-02308-g008){#molecules-25-02308-f008}

![Beads implanted in subdermal tissue. (**A**,**B**): CS-GO-TiO~2~-GLA. (**C**,**D**): CS-TiO~2~-GLA. (**E**,**F**): CS-TiO~2~-GLA. (**A**,**C**,**E**): Hematoxylin and eosin stain technique at 4×. (**B**,**D**,**F**): SEM technique. B: Bead. P: Pore. Fc: Fibrous capsule. Fm: Fibrous membrane. C: Cell.](molecules-25-02308-g009){#molecules-25-02308-f009}

![Beads embedded in subdermal tissue. (**A**,**B**): CS-GO-GLA. (**C**,**D**): CS-GO-TiO~2~-GLA. (**A**,**C**): Hematoxylin and eosin (H-E) stain technique to 4×. (**B**,**D**): SEM technique. B: Bead. P: Pore. Fc: Fibrous capsule. Fm: Fibrous membrane.](molecules-25-02308-g010){#molecules-25-02308-f010}

![Beads implanted in subdermal tissue. (**A**) CS-TiO~2~-GLA. (**B**) CS-GO-TiO~2~-GLA. SEM-EDS technique.](molecules-25-02308-g011){#molecules-25-02308-f011}

![Beads implanted in subdermal tissue. (**A**) CS-GO-GLA. (**B**) CS-TiO~2~- GLA. (**C**) CS-GO-GLA. (**D**) CS-GO-TiO~2~-GLA. (**A**) at 4×. (**B**), (**C**), and (**D**) at 10×. E: Epidermis. D: Dermis. M: Muscle. B: Bead. Fc: Fibrous capsule. COL - Fb: Type I collagen fiber. Masson′s trichrome stain (MT) technique.](molecules-25-02308-g012){#molecules-25-02308-f012}

![Beads implanted in subdermal tissue. (**A**) CS-GO-TiO~2~-GLA. (**B**) CS-TiO~2~- GLA. (**C**,**D**) CS-GLA. (**E**) CS-GO-GLA. (**F**) CS-GO-TiO~2~-GLA. II: Inflammatory infiltrate. Fm. Fibrous membrane. Fc: Fibrous capsule. B: Bead. Mf: Macrophages. 10× images. Masson′s trichrome stain (MT) technique.](molecules-25-02308-g013){#molecules-25-02308-f013}

molecules-25-02308-t001_Table 1

###### 

The crystallinity index (Xc) of the different formulations calculated from the XRD analysis.

  Formulation        Xc (%)
  ------------------ --------
  CS-GLA             10.8
  CS-GO-GLA          15.5
  CS-TiO~2~-GLA      24.0
  CS-TiO~2~-GO-GLA   21.8

molecules-25-02308-t002_Table 2

###### 

Td~3%~ of the nanocomposite beads (CS-GLA, CS-GO-GLA, CS-TiO~2~-GLA, and CS-TiO~2~-GO-GLA).

  Sample             Td~3%~ (°C)
  ------------------ -------------
  CS-GLA             92.8
  CS-GO-GLA          131.3
  CS-TiO~2~-GLA      85.8
  CS-TiO~2~-GO-GLA   124.7
  CS pure            44.2

Td~3%~: decomposition temperature at 3% weight loss, Tg: glass transition temperature.
